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FIGURE LEGENDS 

Visual Abstract:      

The goal of these studies was to investigate the utility of human hepatocytes to predict the 

potential for clinically relevant DDIs with a focus on CYP1A2, CYP2C8, CYP2C9, CYP2C19 and 

CYP2D6.  This was accomplished by first identifying clinically relevant weak, moderate and 

strong inhibitors by reviewing the available clinical data for sensitive substrates of these 

enzymes contained within the University of Washington Drug-Drug Interaction Database.  In 

vitro kinetic parameters were generated using a pool of human hepatocytes and the parameters 

were input into various iterations of the basic models proposed by Regulatory Agencies 

including the EMA, FDA and PMDA.  Inhibitor specific parameters and Fm for substrates with 

clinical data were sourced from literature for inclusion in the mechanistic static model.  The 

mechanistic static model with the unbound hepatic inlet concentration yielded >90% of 

predictions within 2-fold of the observed clinical DDI, suggesting high value in this approach for 

conducting clinical risk assessment for TDI of non-CYP3A enzymes. 

Figure 1:  

The workflow for identifying clinically relevant inhibitors included searching the UW-DIDB for 

clinical data with sensitive objects of CYPs 1A2, 2B6, 2C8, 2C9, 2C19 and 2D6.  The data were 

collated for both positive and negative inhibition and perpetrators which were categorized as 

negative, weak, moderate or strong inhibitors dependent on the magnitude of AUC change.  
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Where negative inhibition was defined as AUCR between 1 and 1.25-fold, weak was between 

1.25 and 2.0-fold AUCR, moderate between 2.0 and 5.0-fold AUCR and strong > 5-fold AUCR.  

Once perpetrators were identified literature searches were performed for existing in vitro data 

including, inhibition and time dependent inhibition, induction and transporter substrate or 

inhibition observations. 

Figure 2:  

Predicted AUCR (y-axis) from HHEP data vs. observed AUCR (x-axis) for all available clinical 

data for the selected perpetrators of CYP1A2 (blue circles), CYP2B6 (open purple downward 

triangle), CYP2C8 (red square), CYP2C9 (green upward triangle), CYP2C19 (purple downward 

triangle) and CYP2D6 (orange diamond).  The solid black line represents the line of unity while 

the dashed lines represent 2-fold margins.  The red-line shows the cut-off of 1.25 where the 

calculated R2 value would be considered positive when greater than this cut-off.  Panel A 

depicts the data generated with the recommended inclusion of a 50-fold multiplier to unbound 

Cmax,ss, Panel B depicts the data with no multiplier and yields one false negative for dronedarone 

(400, 600 and 800 mg) and CYP2D6, Panel C depicts a 3-fold multiplier which reduces false 

negatives to 0.   

Figure 3: 

Predicted AUCR (y-axis) from HHEP data vs. observed AUCR (x-axis) for all available clinical 

data for the selected perpetrators of CYP1A2 (blue circles), CYP2C8 (red square), CYP2C9 

(green upward triangle), CYP2C19 (purple downward triangle) and CYP2D6 (orange diamond) 

and CYP2B6 (open purple downward triangle).  The solid black line represents the line of unity 

while the dashed lines represent 2-fold margins. The predicted AUCR was generated using the 

mechanistic static model with the inhibitor specific parameters for Fa, Fg, Ka and Rb (Table 6) 
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and the Fm value indicated in bold in supplemental Table 3.   The inlet graph expands the axis to 

include the strong inhibition observed for fluvoxamine against CYP1A2 substrates.  

Figure 4:  

Predicted AUCR (y-axis) from HHEP data vs. observed AUCR (x-axis) for all available clinical 

data for the selected perpetrators of CYP1A2 (blue circles), CYP2C8 (red square), CYP2C9 

(green upward triangle), CYP2C19 (purple downward triangle) and CYP2D6 (orange diamond) 

and CYP2B6 (open purple downward triangle).  The solid black line represents the line of unity 

while the dashed lines represent 2-fold margins. The predicted AUCR was generated using the 

mechanistic static model with the default parameters for Fa (1), Fg (1), Ka (0.03 min-1) and Rb 

(0.55) and the Fm value indicated in bold in supplemental Table 3.   The inlet graph expands the 

axis to include the strong inhibition observed for fluvoxamine against CYP1A2 substrates. 

Figure 5: 

Predicted AUCR (y-axis) from HHEP data vs. observed AUCR (x-axis) for all available clinical 

data for the selected perpetrators of CYP1A2 (blue circles), CYP2C8 (red square), CYP2C9 

(green upward triangle), CYP2C19 (purple downward triangle) and CYP2D6 (orange diamond) 

and CYP2B6 (open purple downward triangle).  The solid black line represents the line of unity 

while the dashed lines represent 2-fold margins. The predicted AUCR was generated using the 

mechanistic static model with the unbound Cmax,ss and the Fm value indicated in bold in 

supplemental Table 3.   The inlet graph expands the axis to include the strong inhibition 

observed for fluvoxamine against CYP1A2 substrates.  Of note this model failed to identify the 

clinical relevance of dronedarone towards metoprolol, a CYP2D6 substrate.   

Figure 6: 

Panel A. Shows the table of the kinetic parameters for the perpetrators with published or in-

house derived HLM data, Panel B shows the predicted AUCR (y-axis) vs. observed AUCR (x-
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axis) for all available clinical data for the selected perpetrators with HLM (blue open circles) and 

HHEP (orange closed circles), predicted AUCR was derived using the unbound hepatic inlet 

concentration the solid black line represents the line of unity while the dashed lines represent 2-

fold margins.   
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TABLES 

Table 1. Enzyme Reaction Conditions 

CYP 

Isoform 

P450 Probe Substrate Substrate 

Concentration (µM) 

Incubation Time 

(min) 

HHEP HLM HHEP HLM HHEP HLM 

CYP1A2 phenacetin phenacetin 100 180 30 8 

CYP2C8 amodiaquine paclitaxel 100 40 10 12 

CYP2C9 diclofenac diclofenac 100 36 10 8 

CYP2C19 s-mephenytoin s-mephenytoin 100 225 30 8 

CYP2D6 dextromethorphan dextromethorphan 25 36 10 8 

HLM final protein concentration (1 mg/mL) 
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Table 2. Inhibitors and Pre-incubation Conditions 

CYP 

Isoform 
Inhibitor Clinical 

inhibition 

Concentration range in 

pre-incubation (µM) 

Pre-incubation 

times (min) 

CYP1A2 cimetidine Weak 16-2000 0, 15, 30, 45, 60 

CYP1A2 ciprofloxacin Moderate 3.9-500 0, 15, 30, 45, 60 

CYP1A2 fluvoxamine Strong 0.0046-10 0, 5, 10, 15, 20 

CYP2C8 trimethoprim Weak 1.5-200 0, 15, 30, 45, 60 

CYP2C8 clopidogrel Moderate 0.3-600 0, 15, 30, 45, 60 

CYP2C8 gemfibrozil Strong 0.1-300 0, 15, 30, 45, 60 

CYP2C9 fluvoxamine Weak 3.1-300 0, 5, 10, 20, 30 

CYP2C9 miconazole Moderate 1.6-200 0, 5, 10, 20, 30 

CYP2C9 tasisulam Strong 0.003-10 0, 5, 10, 20, 30 

CYP2C19 omeprazole Weak 0.03-100 0, 15, 30, 45, 60 

CYP2C19 fluvoxamine Strong 0.01-30 0, 5, 10, 20, 30 

CYP2C19 fluconazole Strong 0.03-100 0, 5, 10, 15, 20 

CYP2C19 ticlopidine Strong 0.01-30 0, 15, 30, 45, 60 

CYP2C19 osilodrostat Moderate 0.1-300 0, 15, 30, 45, 60 

CYP2C19 moclobemide Moderate 0.1-300 0, 15, 30, 45, 60 

CYP2D6 dronedarone Weak 3.1-300 0, 15, 30, 45, 60 

CYP2D6 mirabegron Moderate 0.0046-10 0, 15, 30, 45, 60 

CYP2D6 paroxetine Strong 0.0091- 20 0, 15, 30, 45, 60 

Weak = AUCR (≥1.2-to-<2.0-fold), Moderate = AUCR (≥2.0-to-<5.0-fold), Strong = AUCR (≥5.0-

fold) 
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Table 3. Parameter Estimates from Pooled Human Hepatocyte Incubations 

CYP 

Isoform 

Inhibitor Equation kinact (min-1) KI / KI,u (μM) kinact/KI 

(L*min-

1*µmol) 

95% CI kinact (min-1) 95% CI KI (μM) 

CYP1A2 cimetidine 6 0.011 152 / 142 0.000072 0.0090 0.012 84 271 

CYP1A2 ciprofloxacin 6 0.0066 7.5 / 7.04 0.00088 0.0050 0.0082 2.9 23 

CYP1A2 fluvoxamine 5 0.35 0.048 / 

0.0356 
7.3 only 2 points used for kobs determinations Ki,u = 

1.95 

CYP2B6 ticlopidinea 5 0.137 0.489 / 0.257 0.280 0.12 0.16 0.37 0.66 

CYP2C8 trimethoprim 3 0.011 4.3 / 3.95 0.0025 0.010 0.012 3.0 6.0 

CYP2C8 clopidogrel 3 0.013 3.6 / 1.53 0.0036 0.010 0.017 0.88 15 

CYP2C8 gemfibrozil 3 0.088 1.5 / 1.09 0.061 0.080 0.097 0.85 2.4 

CYP2C9 fluvoxamine 6 0.11 32 / 24.0 0.0034 0.082 0.16 16 71 

CYP2C9 miconazole 3 0.21 15 / 0.271 0.014 0.19 0.24 10 22 

CYP2C9 tasisulam 6 0.10 2.3 / 1.05 0.044 0.069 0.17 0.69 8.1 

CYP2C19 omeprazole 3 0.0047 1.0 / 0.807 0.0048 0.0037 0.0058 0.33 2.6 

CYP2C19 fluvoxamine 6 0.20 5.3 / 3.94 0.037 0.16 0.25 2.9 9.9 

CYP2C19 fluconazole no TDI observed Ki = 22.4 / Ki,u = 2.41 

CYP2C19 osilodrostat no TDI observed Ki = 11.3 / Ki,u = 1.10 

CYP2C19 moclobemide no inhibition observed 

CYP2C19 ticlopidinea 3 0.045 0.52 / 0.273 0.086 0.038 0.052 0.25 1.0 

CYP2D6 dronedarone 3 0.035 137 / 9.17 0.00026 0.029 0.045 87.5 226 

CYP2D6 mirabegron 3 0.021 1.3 / 1.12 0.016 0.015 0.033 0.32 4.8 

CYP2D6 paroxetine 5 0.031 0.61 / 0.333 0.051 0.026 0.039 0.39 1.0 
aticlopidine parameters were derived using a different pool of hepatocyte donors 
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Table 4. Summary of Clinical Inhibition Data 

CYP Isoform Inhibitor # of Trials # of Substrates 

1A2 
cimetidine 7 2 

ciprofloxacin 11 3 

fluvoxamine 9 6 

2C8 
trimethoprim 6 3 

clopidogrel 6 3 

gemfibrozil 30 4 

2C9 
fluvoxamine 1 1 

miconazole 1 1 

tasisulam 1 1 

2C19 

omeprazole 4 2 

osilodrostat 1 1 

fluconazole 6 3 

fluvoxamine 16 5 

ticlopidine 3 1 

2D6 
dronedarone 3 1 

mirabegron 3 3 

paroxetine 10 6 
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Table 5. Enzyme Degradation Rate 

CYP Isoform Kdeg (min-1) Reference 

CYP1A2 0.00030 (Faber and Fuhr, 2004) 

CYP2B6 0.00036 (Renwick et al., 2000) 

CYP2C8 0.00053 (Backman et al., 2009) 
CYP2C9 0.00011 (Renwick et al., 2000) 
CYP2C19 0.00044 

CYP2D6 0.00023 (Liston et al., 2002; Venkatakrishnan and Obach, 2005) 
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Table 6: Input Parameters for the Mechanistic Static Model 

Inhibitor 
Molecular 

Weight 

g/Mol 

Log 

P or 

D 

Fu,p Fa Fg Ka min-1 Rb References 

cimetidine 252.34 0.48 0.81 1 0.92 0.012 0.97 (Varma et al., 

2010; Burt et 

al., 2016) ciprofloxacin 331.346 0.3 0.60 0.75 0.98 0.01 0.75 (Varma et al., 

2010) 

fluvoxamine 318.337 3.0 0.23 1 0.5 0.012 1.5 (Jogiraju et al., 

2021) 

trimethoprim 290.321 0.91 0.50 1 0.8 0.0082 1 (Kim et al., 

2016) 

clopidogrel 321.826 2.58 0.02 0.5 1 0.08 0.57 (Xu et al., 

2020) 

clopidogrel 

glucuronide 
483.92 2.58 0.1 NA NA NA 0.57 (Tornio et al., 

2014) 

gemfibrozil 250.336 4.3 0.03 1 1 0.1 0.825 
(Varma et al., 

2015) 
gemfibrozil 

glucuronide 
426.5 3.3 0.115 NA NA NA 0.825 

miconazole 416.134 5.96 0.08 0.1 0.01 0.03 1.5 (O'Reilly et al., 

1992; Miki et 

al., 2011) tasisulam 437.09 3.8 0.01 NA NA NA NA (Perkins et al., 

2018) 

omeprazole 345.42 2.43 0.05 1 1 0.1 1 (Marsousi et 

al., 2018) 

osilodrostat 227.241 2.11 0.636 1 1 0.0467 0.85 (Armani et al., 

2017) 

fluconazole 306.275 0.2 0.89 0.98 1 0.0292 1 (Marsousi et 

al., 2018) 

ticlopidine 263.786 3.6 0.02 1 0.5 0.03 0.55 Default values 

used 

dronedarone 556.764 5.28 0.01 1 0.898 0.0136 1 (Djebli et al., 

2015) 

mirabegron 396.513 2.1 0.27 1 0.68 0.00617 1.42 (Konishi et al., 

2019) 

paroxetine 329.369 3.55 0.05 0.93 1 0.017 1.26 (Marsousi et 

al., 2018) 
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Table 7. Comparison of Model Fits 

Performance 

HHEPs HLM HLM HLM HHEPs HLM HHEPs 

R2 x 3 Model 1 Model 2  Model 3 R1 R2 x 3 
Model 1 

(reversible 

inhibition 

only) 

Model 1 (same 

data-set) 

Model 3 (same 

data-set) 

GMFE (90% 

CI) 

9.42 

(8.75-

10.1) 

1.12 

(0.89 – 

1.34) 

1.16 (0.9-

1.4) 

0.90 

(0.70 -

1.14) 

0.55 

(0.22-

0.88) 

4.02 

(3.26-

4.78) 

0.475 

(0.21-

0.74) 

0.98 

(0.67-

1.30) 

1.0 

(0.71-

1.35) 

0.67 

(0.26-

1.07) 

0.84 

(0.46-

1.21) 

RMSE 284 2.76 3.63 3.67 17.3 5.28 16.5 1.04 0.426 2.71 0.508 

% within 

bioequivalence 

(0.8 – 1.25) 

2.7 53.8 48.7 45.4 13.9 3.0 15.1 53.0 57.6 48.5 56.1 

% within 2-fold 14.3 91.6 90.8 84.9 52.2 10.6 50.4 87.9 89.4 68.2 74.2 

% within 3-fold 21.4 97.5 97.5 98.3 73.9 34.8 75.6 97.0 95.5 80.3 86.4 

# over 2-fold 96 7 8 3 6 50 1 4 4 2 4 

# below 2-fold 0 3 3 15 49 9 58 4 3 19 13 

# of FN 2 0 0 3 13 0 44 0 0 13 3 

 

Model 1 incorporates the reported inhibitor specific parameters to derive the unbound hepatic inlet concentration, whereas Model 1 

default inputs Ka = 0.03 min-1 and Fa:Fg = 1, Model 2 incorporates the Cmax,ss,u into the equation rather than hepatic inlet concentration 
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Figure 1 
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Figure 4  
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Figure 6 
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